Activated alloys synthesized by arc-melting were examined as catalysts for improving the hydrogen sorption characteristics of nanostructured magnesium hydride, proposed as a reversible hydrogen storage material. The MgH 2 -catalyst absorbing materials were prepared by ball milling of pure MgH 2 with hydrided Zr 47 Ni 53 , Zr 9 Ni 11 , and other investigated alloys. The nanostructured MgH 2 -intermetallic systems were tested at 250°C and catalyst addition of eutectoid Zr 47 Ni 53 resulted in the fastest desorption time and highest initial desorption rate. Also, the catalyzed Mghydride with activated Zr 9 Ni 11 and Zr 7 Ni 10 phases showed fast desorption kinetics. Moreover, the results demonstrated that the composition of dispersed Zr x Ni y catalysts has a strong influence on the amount of accumulated hydrogen and desorption rate of Mg-nanocomposite.
Introduction
Improving reversible hydrogen sorption rates of solid-state stores at moderate temperature are of great technological importance for the adoption of hydrogen for transportation and stationary applications. Among the different metal hydrides types ( Fig. 1 ) developed previously [1] , magnesium-based hydrides are of particular interest for hydrogen storage due to the high energy density they can provide (7.6 H-wt%). From large number of studies available, currently emerges a general perspective that optimum sorption hydrogen storage characteristics may be reached only in catalytically enhanced systems [1] [2] .
Improved sorption characteristics of nanocrystalline MgH 2 by doping with transition metals and oxides were previously reported. Recent papers by Oelerich et al., Hanada et al. and Skripnyuk et al. [3] [4] [5] give an overview of catalyzed MgH 2 nanocomposites prepared by mechanically milling for the hydrogen storage applications. A storage capacity of 6.5wt% after doping MgH 2 with nanosized-Ni in a temperature range of 150-250ºC was reported by Hanada et al. [5] . Moreover, a remarkable improvement in desorption kinetics was also observed by the same group [6] by using 1mol.% Nb 2 O 5 -doped nanostructured MgH 2 at 160°C under helium flow. More recently, Kojima et al. [7] , reported that nano-Ni/Al2O5/C catalysts composite have significant effect in enhancing the sorption kinetics of ball milled MgH2 at 200°C and vacuum condition.
While such catalysts give substantial rise to the sorption rates, further increase in the kinetic and thermodynamic properties of nanostructured Mg-hydride could be possible by using new activated phases of alloys. The aim of this work is to explore the ability of different binary and ternary metal alloys as catalysts to increase the hydrogen sorption properties of nanostructured magnesium hydride.
Experimental details

Synthesis of the nanocomposite materials
The synthesis of the nanocrystalline Mg-based compounds was accomplished by milling a mixture of elemental magnesium hydride (98% pure, from Th. Goldschmidt AG), with intermetallic alloys powders acting as catalysts. The fraction of catalyst added to MgH 2 represents approximately 10 wt.% in each case. The mixtures were sealed in a 30 mL -hardened stainless steel vial set. The vial was vigorously agitated for 20 hours under argon atmosphere. A Spex CertiPrep 8000M mixer (Metuchen, NJ) was used for synthesis of sorption nanocomposites.
Details on this nanoscale grinding method were previously described elsewhere [1] . Oxidation and/or hydroxide formation were avoided by storing and handling the samples and starting powders in a glove box filled with pure argon. The alloys were prepared by arc-melting the metallic mixtures in argon atmosphere on a water cooled copper heart. The intermetallic alloys were activated (hydrided) prior to milling by direct reaction with high-pressure hydrogen of 25 atm at 300 °C in the case of Mg 2 Ni and at ambient temperature for the other ones.
The other composites were prepared using a similar approach, except for MgH 2 One part of these pieces was used in the as-melted condition, while others were annealed 24 hours at 1000ºC inside an evacuated-quartz capsule. Two samples of composite were obtained:
either with as-cast or with annealed Zr 47 Ni 53 alloy.
Characterization and cycling
Changes in thermodynamic and kinetic properties of Mg-hydride nanocomposites were determined by carrying out advanced volumetric hydrogen titration and cycling experiments [1] .
The microstructure was determined by scanning electron microscopy (SEM) using a field emission scanning electron microscope Hitachi model S4700. The X-ray diffraction analysis was performed on a Rigaku diffractometer with monochromated Co K α radiation. Specific surface areas of the sample before and after cycling were determined by the Brunauer, Emmett and Teller (BET) technique using nitrogen in a Quantachrome micrometric adsorption analyser at 77 K. Before analyses, heat treatment in a vacuum (10 -6 atm) at 300°C was applied for several hours.
The samples were characterized and cycled at 250°C and 300°C under ultra high purity hydrogen absorption pressure of 10 atm and a desorption pressure of 0.25 atm. Instantaneous absorption and desorption hydrogen flow rates were measured under the same conditions. The hydrogen sorption rates were determined by measuring directly the rates at which hydrogen is added or extracted to or from the sorption nanocomposites to maintain a constant pressure. The hydrogen sorption rates were monitored by a Brooks's mass flow rate controller. Before starting every absorption/desorption experiment, 200 mg-samples were outgassed for at least 30 min at a vacuum pressure of 10 -6 atm.
Results and discussion
Results of the activation of various Zr x Ni y alloys are presented in Fig. 2 . Generally, the alloys formed stable hydrides at ambient temperature. After activation, ZrNi absorbed nearly 2.50 H wt.%, while Zr 7 Ni 10 and Zr 9 Ni 11 absorbed about 1.40 H-wt.%. The activation process metamorphosed alloys into fine powders. This transformation was beneficial since it generated a more homogeneous catalyst particle distribution after milling. Indeed, it was observed that the catalytic enhancements were more important when the hydrogenated catalysts were milled with MgH 2 [1] .
Before starting the desorption and PCT experiments, the Mg-based nanocomposite samples were cycled until the desorption rates were stabilized. Dynamic desorption experiments at 250 °C were undertaken on MgH 2 -catalyst sorption materials (Fig. 3a, 3b) , and the corresponding desorption flow rates were obtained at 250 and 300 °C ( Fig. 4a and 4b ).
Desorption kinetic properties calculated from measured curves are listed at Table 1 wt.% was annealed. The second most efficient catalyst of the set studied in this work was samples added with various catalysts (Fig. 5a and 5b). Table 2 depicts the isothermal sorption properties extracted from the PCT curves as displayed in Fig. 5a and 5b. The intermetallics significantly increased desorption plateau pressure of MgH 2 . Since the plateau pressures decreased exponentially with diminishing temperature, lifting desorption plateau pressures are necessary to obtain a material that desorbs hydrogen at lower temperatures. The relatively high plateau pressures at 250 °C and 300°C generated sufficient driving force to allow hydrogen desorption, which represents a major improvement with respect to pure MgH 2 .
While higher desorption plateau pressures are linked to faster hydrogen discharge, other factors such as hydrogen diffusivity in the absorbing nanomaterial influence desorption times. Indeed, Zirconium peak disappearance; this can be ascribed to Zr nanocrystals amorphization. The micrographs reveal that in the ball-milled state the nanocomposite particles have a dense structure whereas during the hydrogen absorption and desorption cycling the particles became porous with nanopores randomly distributed in the particles (Fig. 7) .
Activated carbon was milled with Zr 7 Ni 10 in order to verify if such addition would result in kinetic enhancements. It was believed that carbon would favour a more efficient catalyst particle distribution. Moreover, recent studies have demonstrated that co-milling metal hydrides with carbon improves hydrogen sorption kinetics [10] [11] [12] [13] [14] [15] [16] , suggesting that carbon plays a catalytic role. Zr 7 Ni 10 was chosen for the experiment, among the Zr x Ni y catalysts investigated in this work, because this particular composition is easier to activate, thus easier to turn into a fine powdery form. Unfortunately, AX21 addition had a detrimental effect on the desorption kinetics by raising the discharge time from 34 to 45 minutes and decreasing the discharge rate from to 0.20 to 0.13 H-wt.%/min. Figure 8 shows the X-ray diffraction patterns taken on MgH 2 -(Zr 7 
Concluding remarks
• Hydrogen unloading results demonstrate that doping nanostructured Mg-hydride with activated alloys yields increased desorption kinetics and substantial reduction of discharge temperature of MgH 2 nanocrystals.
• Zr 9 Ni 11 and Zr 7 Ni 10 enhance kinetics, but not as much as eutectoid Zr 47 Ni 53
• The results also establish that, the stoechiometry of Zr x Ni y catalysts has a strong influence on desorption kinetic properties. Indeed, MgH 2 -Zr 7 Ni 10 0.2 mol.% desorbs hydrogen in about twice the time taken in the case of MgH 2 -Zr 9 Ni 11 0.2 mol.%.
• MgH 2 -Zr 47 Ni 53 nanocomposite exhibits improved sorption and microstructure stability during cycling.
• The Zr 7 Ni 10 catalyzed Mg-hydride ground with activated carbon show a reduction in the dehydriding rate, while the CMgNi 3 catalyst exhibits increased desorption flow. Table 2 . Isothermal sorption properties of various ball-milled Mg-Nanocomposites. Table 3 . Mg crystallite size of the different ball-milled nanomaterials. † See [9] for details. 
